MR phase contrast Susceptibility contrast Gray-white matter contrast Brain iron Myelin MR phase images have shown significantly improved contrast between cortical gray and white matter regions compared to magnitude images obtained with gradient echo sequences. A variety of underlying biophysical mechanisms (including iron, blood, myelin content, macromolecular chemical exchange, and fiber orientation) have been suggested to account for this observation but assessing the individual contribution of these factors is limited in vivo. For a closer investigation of iron and myelin induced susceptibility changes, postmortem MRI of six human corpses (age range at death: 56-80 years) was acquired in situ. Following autopsy, the iron concentrations in the frontal and occipital cortex as well as in white matter regions were chemically determined. The magnetization transfer ratio (MTR) was used as an indirect measure for myelin content. Susceptibility effects were assessed separately by determining R2* relaxation rates and quantitative phase shifts. Contributions of myelin and iron to local variations of the susceptibility were assessed by univariate and multivariate linear regression analysis. Mean iron concentration was lower in the frontal cortex than in frontal white matter (26 ± 6 vs. 45 ± 6 mg/kg wet tissue) while an inverse relation was found in the occipital lobe (cortical gray matter: 41± 10 vs. white matter: 34± 10 mg/kg wet tissue). Multiple regression analysis revealed iron and MTR as independent predictors of the effective transverse relaxation rate R2* but solely MTR was identified as source of MR phase contrast. R2* was correlated with iron concentrations in cortical gray matter only (r= 0.42, p b 0.05).
Introduction
Phase images from gradient echo sequences allow the depicting of brain structures with much more details than the corresponding conventional magnitude images (Rauscher et al., 2005) . At higher field strength this phenomenon is even more pronounced and provides significantly improved contrast between gray and white matter structures (about an order of magnitude greater) (Duyn et al., 2007) . These observations nourish expectations that phase imaging could serve to further improve the detection of cortical lesions in multiple sclerosis patients (Schmierer et al., 2010) and the detection of β-amyloid plaques in the cortex of transgenic mouse brains (Wengenack et al., 2011) .
However, the origin of susceptibility contrast between gray and white matter is not fully understood so far. Phase and magnitude images from gradient echo sequences with longer echo times are both sensitive to the magnetic susceptibility of the underlying tissue. It has been speculated that different levels of myelin (Fukunaga et al., 2010) , the relative volume and oxygenation state of blood (Lee et al., 2010a; Marques et al., 2009; Sedlacik et al., 2008) , iron deposition (Fukunaga et al., 2010; Ogg et al., 1999; Yao et al., 2009) , chemical exchange between water and macromolecular protons (Luo et al., 2010; Shmueli et al., 2011; Zhong et al., 2008) , variations in the macromolecular mass fraction (Mitsumori et al., 2009) , and the orientation of underlying white matter fibers with respect to the main magnetic field (Denk et al., 2011; He and Yablonskiy, 2009 ) may play a significant role for contrast mechanism. But also contributions from other trace elements such as calcium have been considered as sources of cortical susceptibility contrast (Marques et al., 2009; Yamada et al., 1996) . More recent work clarified that chemical exchange between water and macromolecular protons (Shmueli et al., 2011) and also the contribution from heme-bound iron in blood (Marques et al., 2009; Petridou et al., 2010; Sedlacik et al., 2008) are not sufficient to explain the extent of the MR phase shifts typically observed.
Because of its well known paramagnetic effect and its abundance, iron was suggested as a major determinant of susceptibility induced contrast (Schenck and Zimmerman, 2004) . However, although the effective transverse relaxation rate R2* shows a strong linear correlation with iron concentration in gray matter, this relationship is much weaker in white matter indicating that also other factors may play a dominant role (Langkammer et al., 2010; Schweser et al., 2011) . In this context it was suggested that the diamagnetic effect of myelin proteins may counteract the paramagnetic effect of iron and therefore might contribute to the susceptibility induced contrast between gray and white matter (Fukunaga et al., 2010; He and Yablonskiy, 2009) . Despite all these considerations, the sources of these contrasts are still a matter of debate and a validation of the underlying biophysical mechanisms is lacking.
The aim of the present study therefore was to investigate possible contributions of myelin and iron to the susceptibility induced contrast between cortical gray and white matter. As there is no in vivo method available for reliably assessing iron concentration in white matter, this study was conducted in deceased subjects shortly after death. High resolution gradient echo magnitude and phase images were acquired in the brain and then related to myelin content and chemically obtained iron concentration. The myelin content was assessed by magnetization transfer imaging (Schmierer et al., 2004) . Additionally, R2 relaxation rate mapping was done to disentangle the effect of intrinsic tissue properties.
Materials and methods

Subjects
The local ethics committee approved this study and informed consent was obtained from each individual's next of kin.
Six deceased subjects (median age: 66.5 years; age range at death: 56-80 years; 2 female) with an autopsy requested by the local health authority were included in this study. Forensic pathologists examined the corpses to ensure compliance with the inclusion criteria, i.e., postmortem interval shorter than 72 h, no history of a neurological disorder or evidence of damage to the brain, and absence of ferromagnetic material.
Postmortem MRI
Corpses underwent MRI of the brain within 40 h after death at 3 T (TimTrio, Siemens Healthcare, Erlangen, Germany) using a head coil array with 12 receive channels. The subjects were kept refrigerated at 4°C and, depending on the length of this period, the body temperature at the beginning of the acquisition varied between 11 and 24°C.
High resolution susceptibility weighted MR images were acquired with a spoiled 3D dual echo gradient echo sequence (TR/TE1/TE2 = 39/9.2/20 ms; flip angle = 20°; FOV = 256 × 256 mm 2 ; in-plane resolution: 500 × 500 μm 2 ; 88 slices with 2 mm thickness; 2 averages; acquisition time = 17 min 27 s). Myelin content was assessed by the magnetization transfer ratio (MTR) because it has been demonstrated that the extent of magnetization transfer between tissue water and myelin bound protons is directly coupled to the density of myelin in white matter (Schmierer et al., 2004) . Magnetization transfer data was acquired with a spoiled 3D gradient-echo sequence (TR/TE = 40/7.38 ms; flip angle = 15°; FOV = 256 × 256 mm 2 ; in plane resolution = 1 × 1 mm 2 ; 44 slices with 4 mm thickness; acquisition time = 6 min 27 s) which was performed with and without a Gaussian shaped saturation pre-pulse (offset frequency = 1.2 kHz; duration = 10 ms; flip angle = 500°).
R2 relaxation data was acquired with a double-echo fast spin echo sequence (TR/TE1/TE2 = 5260/10/73 ms, FOV = 256 × 256 mm 2 ; in plane resolution = 1 × 1 mm 2 ; 30 slices with 3 mm thickness; acquisition time = 9 min 19 s).
MRI examination additionally included a standard neuroimaging protocol (FLAIR, high resolution MPRAGE sequence) to exclude subjects with acute cerebral damage. All scans were acquired in axial orientation using GRAPPA with an acceleration factor of 2 and were angulated parallel to the most inferior parts of the occipital and frontal lobes.
Autopsy and preparation of specimens
Brains were extracted at autopsy within 12 h after MRI and main supplying arteries (A. basilaris, Aa. carotides internae) were ligated using surgical fibers to prevent any formation of air bubbles and wash out of blood. Brains were examined exteriorly in detail by a forensic pathologist to exclude any findings of traumatic brain injury, cerebral bleedings, and cicatrices. Brains were fixed in a 4% phosphate buffered (pH 7.0 ± 0.5) formaldehyde solution, (Carl Roth GmbH, Karlsruhe, Germany) for 3 to 5 weeks (Yong-Hing et al., 2005) . Within 4 days after extraction the formalin was exchanged to ensure sufficient fixation throughout the brains (Dawe et al., 2009 ). The brains were cut horizontally into 10 mm thick slices using an orientation identical to the MRI scans and to avoid contamination of the samples with iron, dissection of the tissue was done using ceramic knifes.
Tissue specimens were taken from cortical gray matter regions and from adjacent white matter regions. Fig. 1 shows a brain slice along with the positions of the dissected specimens. Given the limited number of available samples, these two regions (frontal and occipital) were selected because of their substantial variation in iron concentration Fig. 1 . Formalin fixed brain slice from a 64-years-old subject representatively showing the regions where tissue specimens were obtained for mass spectrometry. Legend: frontal cortex (1), frontal white matter (2), occipital cortex (3) and occipital white matter (4). Subunits are denoted by (a, b, c). (Hallgren and Sourander, 1958) . Gray and white matter structures were cut in two and three subunits, respectively, whereas the results of the chemical analysis were averaged for the statistical analysis. Tissue specimens were always taken from both hemispheres at identical positions.
Chemical assessment of iron concentration
Dissected tissue specimens were dried in a Gamma 1-16 LSC freezedryer (Martin Christ GmbH, Osterode am Harz, Germany) and aliquots of the dried tissue samples were weighed to 0.1 mg into 12 cm 3 quartz vessels. After addition of 5 cm 3 nitric acid the vessels were closed with
Teflon caps and placed in the rack of a microwave-heated autoclave UltraCLAVE III (EMLS, Leutkirch, Germany). The samples were heated at 250°C for 30 min. Iron concentrations were determined with an Agilent 7500ce inductively coupled plasma mass spectrometer (Agilent Technologies, Waldbronn, Germany) at a mass-to-charge ratio (m/z) of 56. Helium at a flow rate of 5.3 ml/min was added for reduction of the polyatomic interferences . The accuracy of the method was checked with the NIST RM 8414 bovine muscle (NIST, Gaithersburg, USA) and the results (69.7 ± 5.1 mg Fe/kg; n = 38) agreed well with the certified concentrations (71.2 ± 9.2 mg Fe/kg).
Image processing and analysis
Assuming monoexponential relaxation, maps of the relaxation rates R2 and R2* were calculated from the dual echo gradient echo and spin echo data, respectively. MTR maps were produced by normalizing the signal intensities obtained with MT saturation to the reference scan without MT saturation (Henkelman et al., 2001) . Phase maps were obtained by unwrapping the raw phase images of the gradient echo sequence with a region growing algorithm implemented in FSL (Smith et al., 2004) followed by high pass filtering with a 8 mm Hamming kernel to remove low frequency background fields (Haacke et al., 2004) . Finally, phase shift maps were calculated from the phase difference between the first and the second echoes and those maps were used in all further analyses. Exemplarily, gradient echo images (magnitude, R2* and phase shift) are shown in Fig. 2 .
According to the position of the dissected tissue specimens, regions of interest (ROI) were outlined manually in a single slice of the first echo of the fast spin echo sequence, because this image series showed the best contrast between gray and white matter. Then, the outlined ROIs were transformed automatically to the registered R2*, phase shift and MTR images using an affine registration and transformation algorithm from FSL (Smith et al., 2004) . Blood vessels in corpses usually contain deoxygenated blood that can lead to rapid MR signal decay in highly vascularized regions. For this reason, ROI analysis was done distantly from larger vessels. Therefore and to prevent transformation induced partial volume effects, all ROIs were manually checked after automatic affine transformation. Image analysis was performed blinded to the results of the chemical analysis.
Statistical methods
All analyses were performed using STATISTICA 7.1 (StatSoft, Tulsa, USA) and a p-value of p b 0.05 was considered as statistically significant. Linear regression models were used to evaluate the effect of iron and myelin content on susceptibility related MRI parameters. Multivariate linear regression analysis was used to identify independent determinants of R2* and phase shifts. All statistical analyses were first carried out for all brain regions included, and then separately for gray or white matter regions only. Subjects' age was not regarded as covariates in the statistical analyses.
Results
Quantitative MRI
The results of the regional analysis of relaxation rates, MTR and phase shifts are presented in detail in Table 1 . The transverse relaxation rates R2 and R2* yielded only moderate differences between cortical gray matter and white matter. In contrast, the MTR and the phase shifts were substantially different in the cortical gray compared to the adjacent white matter regions. Most remarkably, the mean phase shift in all cortical gray matter regions was positive indicating that overall paramagnetic contributions to the bulk susceptibility are larger than their diamagnetic counterparts. Conversely, the mean phase shifts in white matter regions were all negative.
It should be noted that the sign of the phase is vendor specific and therefore arbitrary. Herein, positive values denote paramagnetic while negative values denote diamagnetic shifts with respect to the resonance frequency of water.
Regional variations of iron
A total of 120 specimens from six brains were analyzed with inductively coupled plasma mass spectrometry, 48 from cortical gray matter and 72 from white matter. The wet tissue weight ranged between 0.1 and 1.5 g. Mean iron concentration was lower in the frontal cortex (26 ± 6 mg/kg wet mass) than in frontal white matter (45 ± 6 mg/kg wet mass) while occipital an inverse relation was found (cortical gray matter, 41 ±10 vs. white matter, 34± 6 mg/kg wet mass). For comparison, the regional iron concentrations reported by Hallgren and Sourander (1958) are also included in Table 1 , where available.
Univariate regression analysis
When considering all gray and white matter samples, R2* showed a significant linear correlation with iron concentration (r = 0.37) and an even stronger linear correlation with the MTR (r = 0.57). In contrast, the MR phase shift was correlated with myelin content only (r = −0.43). Scatter plots of these analyses are shown in Fig. 3 and the results of all univariate regression analyses are summarized in Table 2 .
When including only cortical gray matter regions, R2* showed an even stronger correlation with iron (r= 0.42, p b 0.05) which, however, was absent for the MR phase shift.
When considering only white matter regions a significant negative correlation of iron and the MTR was found (r = −0.47, p = 0.02) which is depicted in Fig. 4 .
Determinants of susceptibility induced gray-white matter contrast
Multiple regression analysis revealed iron concentration and the MTR as independent predictors of the effective transverse relaxation rate R2*. In line with the univariate results, the MTR was identified as the only independent predictor of the phase shift.
Results of the multiple regression analyses as well as the regression equations are summarized in Table 3 and these results suggest that phase contrast between gray and white matter can be mainly attributed to differences in myelin content. Values are given in means ± 1 standard deviation unless otherwise noted. † Iron concentrations reported by Hallgren and Sourander (1958) . * "Inverse transverse relaxation contrast". 
Discussion
In this postmortem study the susceptibility induced contributions of iron and myelin content to cortical gray and white matter MRI signal generation in unfixed brain tissue were investigated. Recent studies demonstrated that blood volume and its oxygenation state as well as chemical exchange between water and macromolecular protons are not sufficient to explain the phase contrast observed between cortical gray and white matter. However, regional iron concentrations were not included in those studies because there is no complementary in vivo technique for the assessment of iron. To overcome this limitation, in situ MRI was performed in deceased subjects shortly after death and the regional iron concentrations were determined chemically.
Determinants of susceptibility induced contrast between cortex and white matter
Linear regression analysis revealed, that the R2* relaxation rate is affected by both, significant contributions of paramagnetic iron and diamagnetic myelin where the latter was more dominant. In contrast, solely myelin content was identified as independent predictor for the phase shift. Given the fact, that both measures of susceptibility, R2* and phase shifts, are derived from the same gradient echo sequence, these observations seem unexpected at a first glance.
The phase of a gradient echo is linearly related to differences of the bulk susceptibility with respect to water and therefore can yield positive and negative values. R2* is the sum of the tissue intrinsic R2 relaxation rate and the rate R2′ which is attributed to rf-reversible field inhomogeneities as induced by iron or myelin (Yablonskiy and Haacke, 1994) . As R2* reflects the net loss of spin coherence, it is not relevant whether the susceptibility difference (to water) arises from paramagnetic or diamagnetic origin. This implies that the mean bulk susceptibilities of cortical gray and white matter are of similar extent, but in opposite directions as indicated by a different sign of the acquired phase signal. An illustration of this relationship is provided in Fig. 5 . The rather small differences in mean R2 and R2* rates found between cortex and adjacent white matter regions (R2 range: 6.0 to 7.7 s ) are in line with these considerations as well as the large mean phase shift difference (range: −0.36 to 0.51 Hz). These observations are supported by the results of recent quantitative susceptibility mapping studies (Liu et al., 2011b; Schweser et al., 2011) and provide experimental evidence and an explanation, why the observed cortical phase contrast is superior in comparison with the magnitude contrast. Further evidence that myelin is responsible for the observed susceptibility related phase shift between gray and white matter comes from studies of the myelination process in neonates (Zhong et al., 2011) and also from transgenic shiverer mice (Liu et al., 2011a) which both offer the possibility to investigate a much broader range of myelination than in matured brains.
In this study, we used the MTR as an indirect measure for the myelin content. While this concept is commonly applied for white matter, it has not been validated for cortical gray matter so far. Basically, the two-pool model for magnetization transfer between myelin and tissue water can also be applied to cortical gray matter with the difference that myelin content is lower and T1 is higher than in white matter (Stanisz et al., 2005) . The latter is responsible why the MTR in the cortex is much higher than one would expect this from the myelin content. In the context of our study this suggests that the effect of the myelin content on the susceptibility may have been underestimated in the multiple regression analysis.
R2* is correlated with iron concentration in cortical gray matter
Given the overwhelming effects from diamagnetic myelin in comparison to paramagnetic iron in white matter, R2* and phase shift mapping cannot serve for reliably assessing iron concentrations in white matter unless the contribution of myelin is corrected for.
However, when including cortical gray matter structures only, a positive correlation between iron concentration and R2* rate was revealed. This finding is in line with other postmortem work where this relationship was found in deep gray matter structures (Langkammer et al., 2010) and is not unexpected considering the similar tissue microstructure of cortical and deep gray matter.
Relationship between myelin content and iron concentration
Another interesting finding was the significant negative correlation of iron and myelin content within white matter regions (Fig. 4) . In white matter, iron is linked with the process of myelination and was found in the proximity of myelin producing oligodendrocytes suggesting a co-localization of iron deposits with neuronal fibers (Fukunaga et al., 2010) . Conversely, our results indicate an inverse relationship. However, related studies including iron chemical assessment in white matter regions (corpus callosum, frontal, temporal and occipital) also revealed that the iron concentration in the body of the corpus callosum, which is commonly considered as a region with very a high density of myelinated fibers in the human brain (Oh et al., 2006; Salat et al., 2005) , is substantially smaller than in the frontal or temporal white matter (Langkammer et al., 2010) . However, the cause of this inverse relationship is unclear and needs further investigations.
The role of heme-bound iron
The mass spectroscopic analysis revealed a heterogenic distribution of iron in cortical gray and white matter structures. Where available, iron concentrations were in very good agreement with values reported by Hallgren and Sourander (1958) . Noteworthy, these authors excluded blood in their colorimetric measurements while in this study blood was maintained in the tissue samples during preparation. The good agreement with the values reported by of Hallgren and Sourander suggests that the total amount of heme-bound iron is marginal compared with ferritin-bound iron in the tissue specimens. To rule out that some of the heme-bound iron was washed out during fixation, we additionally performed mass spectrometric iron measurements of the formalin at the beginning and the end of the brain fixation period. However, mass spectroscopy could not proof significant iron levels in the formalin solutions.
Iron is responsible for inverse transverse relaxation contrast in the cortex
Several MRI studies using T2-weighted scans have observed an unexpected behavior of contrast in the occipital lobe when compared with other cortical regions. Because it is commonly assumed that the transverse relaxation rate R2 in cortical gray matter is lower than in white matter this was entitled as "inverse transverse relaxation contrast" and the effect has been attributed to variations in iron (Zhou et al., 2001 ) and dipolar interactions (Grohn et al., 2005) .
In the present study we also decided to assess R2 rates because they are intrinsically included in R2* relaxation rates (see discussion in Determinants of susceptibility induced contrast between cortex and white matter section). The R2 rates obtained were lower compared to aforementioned studies, which can be ascribed to the fact that spin diffusion occurring during the application of imaging gradients in a CPMG sequence accelerates the transverse MR signal decay. This effect is less pronounced in a dual-echo approach and in addition, intra-voxel incoherent motion is smaller in postmortem tissue.
R2 rates in frontal gray matter were lower than in white matter, while occipital R2 rates were virtually identical in cortical gray and white matter (Table 1) . This can also be seen directly in the T2 weighted spin echo images, where the cortical gray-white matter contrast was less prominent in the occipital lobe (Fig. 6) . Significantly lower mean iron concentrations were found in frontal cortical gray matter than in frontal white matter while this relationship was reversed occipital. When considering that R2 in white matter is not affected by iron (Langkammer et al., 2010) and changes of R2 in gray matter can be mainly assigned to variations in iron content, these results argue that iron deposition is the responsible mechanism underlying the observed loss of contrast in T2 weighted images. However, an inversion of the contrast cannot be observed in the magnitude and phase images of a gradient echo sequence (as can be seen in Fig. 2 ) because cortical Table 1 ). Fig. 6 . The inverse transverse relaxation contrast can be observed in T2 weighted spin echo images. Cortical gray-white matter contrast is prominent in the frontal lobe, while it can disappear between occipital gray and white matter as a consequence of different iron levels (arrows).
susceptibility induced gray-white matter contrast is mostly driven by differences in myelin content.
Orientational dependency of myelinated fibers
In addition to theoretical considerations it was recently shown in vivo that R2* rates and phase shifts depend on the orientation of the underlying white matter fibers with respect to the main magnetic field (Denk et al., 2011; He and Yablonskiy, 2009) . Also an experimental ex vivo study confirmed the dependency of gradient echo phase shift to the orientation in highly myelinated corpus callosum tissue specimens (Lee et al., 2010b) . However, in our study, we did not include the orientation as a further covariate, because the selected white matter regions did not vary substantially in their fiber directions with respect to the main magnetic field. Nevertheless, the corpses included in this work were all positioned axial in the MR systemidentical to clinical routine examinations -which allows a direct comparison with the transverse relaxation rates and phase shifts obtained in related in vivo studies.
Conclusion
Variations in myelin content, but not in iron concentration are responsible for the MR phase contrast observed between cortical gray and white matter. Both, myelin content and iron affect the effective transverse relaxation rate R2* independently whether the bulk susceptibility is paramagnetic or diamagnetic. Therefore, magnitude contrast is limited because it only reflects the extent but not the direction of the susceptibility shift.
Because of the lower myelin content in cortical gray matter, R2* rates can be used for the assessment of cortical iron concentrations. However, neither R2* nor phase shift mapping can serve for reliably assessing iron concentrations in the white matter unless the contribution of myelin is corrected for.
